Aims: To analyze the effects of radiation on the reproductive tissue of male Wistar rats and to evaluate whether treatment with the Ang II AT1 receptor antagonists telmisartan and losartan mitigate the dysfunctions resulting from this exposure. Main methods: Rats were randomly divided into groups: Control, Irradiated, Telmisartan, Losartan, Irradiated + Telmisartan, and Irradiated + Losartan. Single dose of 5Gy was administered directly into the scrotum, followed by treatment with telmisartan (12 mg/kg/day) or losartan (34 mg/kg/two times/day) for 60 days. Testicular function parameters were evaluated from spermatozoa of the vas deferens. Testes were processed for histopathological and morphometric-stereological analysis. Proliferating cell nuclear antigen (PCNA) immunohistochemistry was evaluated. Key findings: Radiation significantly reduced sperm motility, concentration, vitality, and increased the number of abnormal spermatozoa. Telmisartan and losartan did not significantly prevent these radiation-induced disorders. Seminiferous tubules were atrophied in both untreated and treated irradiated testes, and exhibited vacuoles, increased interstitial tissue and high number of blood vessels. However, several seminiferous tubules in recuperation were founded among damaged tubules in the testes of treated animals. The PCNA immunohistochemistry confirmed these outcomes. PCNA-positive cells were detected in dividing spermatogonia and spermatocytes from irradiated telmisartan and losartan treated rats whereas in the only-irradiated group, PCNA staining was observed in the nuclei of only the surviving spermatogonia. Significance: Under these experimental conditions, the testicular function parameters showed that radiation produced marked damage that was not reversed by treatments. However, gonadal restructuring and recovery of spermatogenesis in treated animals may to reflect attenuation of radiation-induced damages and potential start of recovery.
Introduction
Radiotherapy has become one of the most common treatments for cancer patients. Although this therapy has increased the number of survivors, it produces significant tissue damage, which is reflected in patient quality of life [1] [2] [3] .
Previous studies have shown the impact of radiation in male fertility [4] [5] [6] [7] [8] [9] . The effects on gonadal tissue are due to the cytotoxic action of radiotherapy in the seminiferous epithelium; it causes the elimination of spermatogonia in differentiation and a substantial reduction in spermatogenic cell counts in the later stages of spermatogenesis [6, 7] . Male germ cells are extremely sensitive to radiation, and infertility following partial or total body irradiation has become a common problem [3, 10] .
As the use of radiotherapy has spread, radioprotectors have begun to receive notoriety, and many studies argue that renin-angiotensin system (RAS) inhibitors offer great potential for reducing damages caused by ionizing radiation [11] [12] [13] [14] [15] . The pathogenic role of the RAS in irradiated tissue has been shown through its modulation of effects. Angiotensin II and ionizing radiation mediate biological responses either directly through the generation of reactive oxygen species or indirectly through the activation of proinflammatory mediators, which induce cell dysfunction [6, 16] .
Interest in investigating the effect of Ang II AT1 receptor inhibitors on irradiated reproductive tissues has increased since the potential radioprotective effect of these drugs was observed in other irradiated tissues, such as renal, cerebral, and pulmonary tissues; they were found to act against oxidative stress by blocking the formation of free radicals and reducing inflammation [17, 18] . However, the role of RAS inhibitors has not been investigated in irradiated male genital organs. Thus, the aim of this study was to investigate the histopathological and morphometric-stereological effects of ionizing radiation on the testes and sperm, as well as to evaluate whether AT1 receptor antagonists telmisartan and losartan mitigate the reproductive dysfunctions that result from this exposure.
Materials and methods

Animals
Fifty-one male Wistar rats 8 to 9 weeks of age were obtained from the Central Vivarium of Marília Medical School (Famema) in Marília, São Paulo State, Brazil. The animals were housed at 23°C ± 1°C on a 12-h light/dark cycle with free access to water and pelleted rodent chow. This study was approved by the institution's Animal Experimentation Ethics Committee (CEUA/Famema, protocol number 552/14).
Experimental groups
The rats were randomly divided into six groups: in addition to the control group (n = 9), Group I was irradiated (n = 7), Group T received treatment with telmisartan alone (n = 9), Group L received treatment only with losartan (n = 9), Group I/T was irradiated and treated with telmisartan (n = 9), and Group I/L was irradiated and treated with losartan (n = 8).
Irradiation protocol
Prior to irradiation, the rats were weighed and anesthetized using Ketamine-xylazine (70/7 mg/kg body weight, i.p.) [19] and affixed to a tray through the immobilization of their four extremities. Irradiation was delivered from a distance of 65 cm using a Clinic 6EX linear accelerator at 6MV (Varian, California, USA). A single irradiation dose of 5 Gy was administered at a dose rate of 1.05 Gy/min immediately surrounding the 5 × 5 cm scrotal field in the antero-posterior direction Fig. 1 . Body weight and wet weight of reproductive organs in each experimental group. Values expressed as means ± SD. *p < 0.05, **p < 0.001; parametric two-way ANOVA followed by the Tukey test. In parenthesis, number of independent determinations. Group comparisons: Control vs. Group I; Group T vs. Group IT, and Group L vs. Group IL.
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Life Sciences 194 (2018) [157] [158] [159] [160] [161] [162] [163] [164] [165] [166] [167] and in the supine position at a depth of 2.0 cm [8] . With the exception of the exposure to ionizing radiation (which was only applied to Groups I, I/T, and I/L), the same methods were applied to all of the animals.
Treatment
The treatment started the day after irradiation and consisted of the administration of 12 mg/kg of telmisartan [20] (under the trade name Micardis®) once daily or of 34 mg/kg of losartan [14] in pure form (Gemini, Goiás, Brazil) twice daily. The drugs were freshly prepared in 0.5% carboxymethyl cellulose and were administered by gavage for 60 consecutive days. The rats were weighed daily during the treatment. The control animals and those exposed to ionizing radiation received only the vehicle twice daily. At the end of the experimental protocol, all of the rats were weighed, anesthetized using ketamine-xylazine [19] and euthanized by exsanguination. All wet weights of the reproductive organs were also obtained.
Testicular function
Spermatozoa were collected from the left vas deferens of each rat, diluted in 400 μL of culture medium (Ham's F-10 nutrient mixture modified with 7.5% bovine fetal serum), and maintained in a heating block at 37°C. To determine sperm concentrations, 100 μL of this mixture was diluted and homogenized in 1.95 mL of culture medium. Finally, a 10 μL sample was transferred to a Neubauer counting chamber to estimate the total number of spermatozoa in millions [21, 22] . To determine sperm motility, 200 cells were evaluated, and the spermatozoa were classified as motile or immotile. Sperm vitality was assessed using an eosin-nigrosin stain (3% eosin-Y and 8% nigrosin). The percentages of living (not stained) cells and dead (stained) cells were obtained from the 200 spermatozoa analyzed [23] . To evaluate sperm morphology, smears were prepared with 10 μL of spermatozoa, stained using the Shorr stain with hematoxylin, and observed at 1000×. Two hundred spermatozoa were morphologically classified as normal or abnormal according to Linder et al. [21] and the WHO [22] .
Histopathological analysis of the testes
For histological studies, left testes were fixed in 2% glutaraldehyde and 4% paraformaldehyde in 0.1 M of Sorensen's phosphate buffer at pH 7.4 for 24 h. The materials were then dehydrated in alcohol, and embedded in a Leica Historesin Embedding Kit. The 3-μm-thick sections were stained with hematoxylin and eosin. Micrographs were obtained using an Olympus DP-25 digital camera attached to Olympus BX41 microscope. The Olympus DP2-BSW image capture software was used.
Histological classification of seminiferous tubules
At least 420 tubular profiles from each group were randomly selected and analyzed to determine the percentage of three types of seminiferous tubules according to the modified classification by Koruji et al.: type I: normal seminiferous tubules with or without spermatozoa in the central lumen (active spermatogenesis); type II: seminiferous tubules with structural and functional recovery, initial proliferation of 
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Immunohistochemistry detection of PCNA
Fragments of testes were fixed in 4% paraformaldehyde phosphatebuffered saline (PBS) at pH 7.2 for 24 h. Paraplast Plus® Tissue Embedding Medium (McCormick Scientific, IL, USA) was used to obtain embedded tissue sections that were 5 μm thick. After drying in an oven at 60°C for 60 min, the sections underwent deparaffinization in xylene, and rehydration in graded ethanol solutions. Next, the slides were heated in citrate buffer (pH 6) for 15 min (3 cycles of 5 min each) and were blocked with 3% hydrogen peroxide in methanol for 15 min. To block the non-specific reactions, the slides were incubated in a 3% Molico® milk solution (Nestlé, São Paulo, Brazil) for 45 min. The sections were then immunostained with primary monoclonal mouse anti-PCNA antibody [PC10] (Ab29) (Abcam, Inc.) at a concentration of 1 μL/300 μL in PBS buffer and were incubated overnight at 4°C. After primary antibody incubation, the slides were washed with PBS and were then incubated with Polymer N-Histofine RAT Multi (Nichirei Biosciences Inc.) for 30 min at room temperature. Finally, the sections were washed with PBS and incubated for 30 s in 50 μL of diaminobenzidine (DAB) solution containing 2 μL of H 2 O 2 . Counterstaining was performed using hematoxylin, and the slides were observed using an Olympus DP-25 digital camera attached to an Olympus BX41microscope. The Olympus DP2-BSW image capture software was used.
To quantify the PCNA-positive cells, 15 histological fields per rat were captured. The number of cells labeled was determined using the Olympus CellSens for Dimension software and the manual threshold tool.
Morphometric-stereological analysis of the testes
At least one hundred seminiferous tubules per animal were measured using the Olympus DP2-BSW software. The tubular and luminal diameters (μm), the height of seminiferous epithelium (μm), and the ratio of seminiferous epithelium height to luminal diameter (μm) were determined [24] .
For the stereological analysis, a 168-intersection grid was used to determine the volume densities of the seminiferous tubules, the interstitial tissue and the vacuoles present in the testes from 10 histological fields per testis [25] . This step relied on the Image J Pro Plus software, version 4.5.
Stereological analysis of vascularization
The same 168-intersection grid was used to determine the volume density of blood vessels from at least 10 histological fields per testis [25] .
Statistical analysis
The results were expressed as the mean ± standard deviation (SD). Two-way analysis of variance (ANOVA), followed by the Tukey test for multiple comparisons. Values of p < 0.05 were considered statistically significant. All data analyses were performed using GraphPad Prism® software, version. 6.01.
Results
Body weight and wet weights of reproductive organs
No significant difference in body weight was observed in Group I when compared to the control. The same occurred with IL in relation to the non-irradiated and losartan treated group. However, body weight decreased significantly in Group IT in relation to the group that received treatment with telmisartan alone (Fig. 1A) .
When the male reproductive system organs were considered, testicular irradiation caused a significant decrease in the wet weights in all irradiated groups ( Fig. 1B and C) relative to the control groups. Significant decreases in epididymis weight were also observed in Group I, Group IT, and Group IL. In Group IL, however, the weight of the right epididymis did not decrease significantly ( Fig. 1H and I) . No significant reductions in vas deferens weight or accessory gland weight were observed among the experimental groups ( Fig. 1D-G) .
Testicular function parameters
Ionizing radiation significantly reduced sperm concentrations, as well as the percentages of motile, live, and morphologically normal spermatozoa relative to the controls. This reduction was maintained, even when telmisartan and losartan were administered ( Fig. 2A-D) .
Sperm morphology
Most of the sperm observed on the smears from the irradiated groups exhibited defects characterized by separation of head and tail, heads with a smaller acrosomal curvature, asymmetrical insertion of the midpiece, and bent tails (Fig. 3A-F 1-3 ).
Histopathological analysis of the testes
The testes from the control group and the groups that received telmisartan or losartan alone exhibited normal and regular histological organization, with the presence of many seminiferous tubules, all of which suggested active spermatogenesis. The tunica albuginea exhibited normal organization with a thick layer of connective tissue covered by mesothelium (Fig. 4) .
In these groups, the seminiferous tubules exhibited the classic structure with a central lumen and seminiferous epithelium, which contained all spermatogenic lineage cells and Sertoli cells. Peritubular myoid cells were found to be surrounding the seminiferous epithelium and were separated from this epithelium by a thin layer of connective tissue (basal membrane). The Sertoli cells exhibited a normal nuclear shape and were located in the tubular periphery. Small spaces near the basal membrane were observed in some seminiferous tubules, particularly in the group that received losartan alone.
Leydig cell aggregates were observed in the interstitial tissue and exhibited a normal morphologic pattern.
In contrast, the testes of the irradiated groups exhibited significantly deleterious effects of ionizing radiation marked by the total disorganization of reproductive tissue. Seminiferous tubules in the irradiated group were completely disorganized, with significant structural impairment (Fig. 4) . The seminiferous epithelium was depleted due to the severe lack of germ cells; as a consequence, there were numerous vacuoles of varying shapes. Sertoli cells and few spermatogonia were the only surviving cells in the seminiferous epithelium. Furthermore, the organization of Sertoli cells in the seminiferous epithelium differed, and the shape of their nuclei was irregular. There was no evidence of any signs of spermatogenic activity. Seminiferous tubules containing spermatozoa were not found. No changes in the peritubular myoid cells were observed, but thicker basal membrane was detected in all seminiferous tubules. The interstitial tissue from the irradiated testes was dispersed due to the atrophy of the seminiferous tubules; it was also richly vascularized. Although the Leydig cell aggregates presented normal distribution in the interstitial tissue, no significant changes were observed in their morphology with the exception of smaller nuclear condensation. The tunica albuginea showed no changes.
In the groups that received both radiation exposure and treatment, the testes of the animals exhibited the same structural disruption and damage to the seminiferous tubules as observed in the group that received only radiation exposure (Fig. 4) . But these findings differed from those of the rats that received telmisartan alone or losartan alone. Then, among the depleted seminiferous tubules, there were several tubules that presented signs of recovery of the seminiferous epithelium containing spermatogonia, primary spermatocytes, and spermatids. The cellular reorganization in the seminiferous epithelium started in tubular periphery, with the spermatogonia and Sertoli cells supported in the basal membrane. Although this regeneration was in its nascent stages, tubular atrophy was maintained. The proliferative activity of the seminiferous epithelium had not reached levels necessary for the total reorganization of tubule and cell renewal.
The interstitial tissue from the rats that received both radiation exposure and treatments exhibited the same structural pattern observed in testes of rats exposed only to radiation. In these groups, no histological disorders in the tunica albuginea were distinguished. . PCNA immunohistochemistry of testes from controls (A), rats that received telmisartan alone (C), rats that received losartan alone (E), rats exposed only to irradiation (B), rats exposed to radiation and treated with telmisartan (D), and rats that were exposed to radiation and treated with losartan (F). Positive reactions were observed in many nuclei of seminiferous tubule cells of testes from controls. Depending on the spermatogenesis stage, different types of spermatogonia and spermatocytes presented PCNA-positive labels. In the irradiated group, PCNA-positive cells were observed in spermatogonia. In rats that were both irradiated and treated, positive reactions were observed in many nuclei of spermatogonia and spermatocytes of seminiferous tubules with signs of recovery. PCNA-positive cell quantification (G). Immunoperoxidase staining is brown. Counterstained with hematoxylin, which stains the nucleus blue. Scale bar = 50 μm. Values expressed as means ± SD. *p < 0.05; parametric two-way ANOVA followed by the Tukey test. In parenthesis (G), number of counted histological fields. Group comparisons: Control vs. Group I; Group T vs. Group IT, and Group L vs. Group IL.
Histological classification of seminiferous tubules
Type I seminiferous tubules, considered morphologically normal, were found in rats that had not been exposed to ionizing radiation, while type III tubules were observed in all irradiated groups. Rats that were both irradiated and treated were found to have both type III and type II seminiferous tubules, the latter of which are characterized by signs of recovery in the epithelium (Fig. 5) .
One hundred percent of the seminiferous tubules from the non-irradiated rats exhibited standard type I characteristics. Among the rats that received ionizing radiation alone, 90% of the tubules were classified as type III (depleted). Unexpectedly, a small percentage of type I and type II tubules were observed in one irradiated-only rat. It turns out that this rat was not representative of its group, as the examination of the other six rats revealed testicular structures with 100% type III tubules. The majority of the tubules from rats that were both irradiated and treated were categorized as type III. However, the morphological analyses revealed seminiferous tubules with signs of recovery -type II tubules were beginning to form in the testes. Among the rats treated with telmisartan, these type II tubules with signs of recovery represented < 1% of the tubules. On the other hand, the testes from the rats that were both irradiated and treated with losartan were found to have more type II tubules in recovery (approximately 12%) (Fig. 6 ).
PCNA immunohistochemistry
In the testes of all of the rats that were not exposed to ionizing radiation, higher intensity of PCNA-specific staining was observed in the nuclei of dividing spermatogonia and spermatocytes in most of the seminiferous tubules (Fig. 7A, C , and E). In the rats that received irradiation alone, PCNA staining was only observed in nuclei of surviving spermatogonia (Fig. 7B) . In rats that were both irradiated and treated with telmisartan or losartan, PCNA-positive cells were present in many seminiferous tubules. The label was detected in spermatogonia and spermatocytes in tubules presenting signs of recovery of the seminiferous epithelium (Fig. 7D and F) .
The number of PCNA-positive cells was significantly higher in the controls than in the irradiated groups. Among the rats that were both irradiated and treated, a substantial number of immunopositive cells for PCNA was observed, but this was not statistically significant when Life Sciences 194 (2018) [157] [158] [159] [160] [161] [162] [163] [164] [165] [166] [167] compared to the rats that were only exposed to ionizing radiation (Fig. 7G) .
Morphometric-stereological analyses of the seminiferous tubules
In all irradiated rats, a significant reduction of seminiferous tubule volume was observed relative to the controls (Fig. 8A) . The treatments did not increase the density of seminiferous tubules inside the testes. The interstitial tissue volume was found to have increased significantly among rats that were only irradiated and among rats that received both radiation and losartan treatment. This effect was not observed in the rats that received radiation exposure plus telmisartan relative to the rats that received telmisartan alone (Fig. 8B) . There was a substantial number of vacuoles in the seminiferous epithelium of the irradiated groups and no significant reversion when the treatments were applied (Fig. 8C) .
The tubular and luminal diameter and height of the seminiferous epithelium was significantly lower in the irradiated rats relative to the controls. Among the rats that were both irradiated and treated, these alterations remained (Fig. 8D-G) . No significant differences in the seminiferous epithelium height/lm diameter ratio were observed among the groups (Fig. 8G) .
Vascular volume density
The testes from the rats that were only irradiated and from the rats that were irradiated and treated exhibited a high number of blood vessels in the interstitial tissue relative to the controls (Fig. 9A-F) . These findings were proved by a significant increase of vascular volume density among all of the irradiated rats, including the treated specimens (Fig. 9G) .
Discussion
The results found herein are consistent with previous studies on radiation-induced damages to rat testes [9, 10, 16, 18] . Although the literature reports several investigations into radiation-induced testicular damage, physical descriptions are often not very detailed, particularly in terms of morphological aspects. Thus, this study sought to improve on the descriptions of the morphological and morphometricstereological analysis of damage to testes irradiated with a single dose of 5 Gy focused on the rat scrotum.
The current study demonstrates that the wet weight of the irradiated testes and epididymis significantly reduced by exposure to radiation, as demonstrated in previous studies [18, 24, 26] . In the evaluation of testicular function, the data obtained reflected radiation-induced reductions in sperm concentration, motility, and vitality. Moreover, a significant increase in the number of morphologically abnormal spermatozoa was observed.
The general morphological analysis of irradiated testes revealed disorganization of gonadal structures, marked loss of cells of spermatogenic lineage, and numerous vacuoles in the seminiferous epithelium due to intense cell death. These data are corroborated by previous studies [9, 10, [16] [17] [18] 26, 27] . The data obtained also indicate the presence of tubular fibrosis with thickening of the basal membrane. The testicular parenchyma of irradiated animals displayed evident expansion of interstitial tissue in relation to the seminiferous tubules. A possible explanation for this expansion is the intense tubular atrophy seen herein.
The results of the morphometric-stereological analysis of the irradiated testes confirm the morphological outcomes; they highlighted tubular and luminal atrophy, a reduction in seminiferous epithelium height caused by loss of germ cells and an increase in interstitial tissue volume [6, 10] . An increase in vascular volume was also observed in the interstitial tissue. Low doses of radiation evoke angiogenesis due to an imbalance between pro-and anti-angiogenic factors, thereby contributing to excessive vascularization [28] . The priority in radiotherapy is the minimization of adverse effects. Radioprotective effects of AT1 receptor antagonists have been found in other tissues [14, 16, 29] . According to prior studies, these drugs attenuate oxidative stress. Since the literature still lacks information on this topic, this study sought to investigate the potential radioprotective effect of AT1-R antagonists in the testes.
The data obtained demonstrate that treatment with telmisartan and losartan does not significantly reduce the morphological and morphometric-stereological damages to rat testes caused by radiation. A predominance of type III degenerated seminiferous tubules was observed.
Though the treatments with telmisartan and losartan did not reverse the reproductive damages caused by ionizing radiation, the histopathological analysis of testes shows evidence of gonadal restructuring and recovery of spermatogenesis in treated animals. Several seminiferous tubules exhibited signs of recovery in their germinal epithelium, which were classified as type II. These signs suggest an initial reorganization of Sertoli cells and spermatogonia, as well as the resumption of differentiating capacity of seminiferous epithelium due to the presence of cells in more advanced stages of spermatogenesis, which were reflected in the findings of primary spermatocytes and even spermatids in the early stages. Thus, the restoration of seminiferous tubules is likely a long process characterized by a gradual increase in proliferative ability and the differentiation of germ cells. It can therefore be suggested that the treatments tested herein may accelerate restoration of spermatogenesis. Further studies are required to definitively prove this hypothesis.
Only one animal in the group exposed only to ionizing radiation exhibited a predominance of type I and type II tubules. This result was unexpected, since all seven animals from the 5 Gy group underwent the same irradiation protocol under the same experimental conditions. It can be argued that this rat does not represent its group, since its testes are markedly distinct from those of the other six animals, which exhibited depleted tubules. Therefore, the type I and type II tubules observed in the 5 Gy group (as shown in the histogram in Fig. 6 ) belong to this non-representative animal and do not represent a reversal of the effects of the radiation.
The immunohistochemical localization of PCNA in the testes also reinforces these outcomes. PCNA-positive cells were detected in several dividing spermatogonia and spermatocytes in seminiferous tubules from the rats that had been both irradiated and treated with telmisartan or losartan. This finding reinforces the ideas of gonadal restructuring and activation of spermatogenesis resulting from the intensification of cellular proliferation, particularly by presence of cells in advanced stages in the seminiferous epithelium. The treatments could be contributing to tubular regeneration.
The immunostaining for PCNA observed in the surviving spermatogonia from testes that received only radiation exposure did not indicate that spermatogenesis had resumed, since the ability to differentiate these cells had not been achieved. In addition, no seminiferous tubules with signs of recovery were found in this group. This analysis was performed on the six rats belonging to the irradiation-only group, rats which exhibited degenerated seminiferous tubules as a consequence of radiation. In an attempt to prevent confusing data, PCNA Fig. 9 . Photomicrographs of testes from controls (A), rats that received telmisartan alone (C), rats that received only losartan (E), rats exposed only to irradiation (B), rats exposed to radiation and treated with telmisartan (D), and rats that were exposed to radiation and treated with losartan (F) to compare blood vessel density in the interstitial tissue (G). Abbreviations: Bv = blood vessels; St = seminiferous tubules. Staining: hematoxylin and eosin. Scale bar = 20 μm. Values expressed as means ± SD. *p < 0.05, Parametric two-way ANOVA followed by the Tukey test. In parenthesis, number of independent determinations. Group comparisons: Control vs. Group I; Group T vs. Group IT, and Group L vs. Group IL.
staining was not performed on the rat that resisted the effects of radiation. In fact, there is no reason to determine the extent of recovery in this animal, since its testes were not damaged by the ionizing radiation.
Studies have shown the pathogenic role of RAS in the modulation of late effects induced by free radicals from radiation [6, 16] . Like ionizing radiation, Ang II plays an important role in the production of oxygenreactive species by stimulating nicotinamide adenine dinucleotide phosphate (NADPH) oxidase through the AT1 receptor. This promotes the accumulation of free radicals and the consequent impairment of spermatogenesis [27] . Oxidative stress due to the exacerbated activity of NADPH oxidase is considered to be the most influential factor in damage to and effects on testicular function [2] .
It is important to note that losartan is a prototype antagonist of the AT1 receptor and that telmisartan is not only an AT1 receptor antagonist, but may also have antioxidant, anti-inflammatory, and antiapoptotic effects not mediated by this receptor; the administration of these agents in the present study may have modulated the intrinsic RAS, and these agents are therefore promising tools for the regeneration of radiation-induced damage to the testes.
Possibly, the potential improvement promoted by inhibition of Ang II AT1 receptor in treated and irradiated testes was due to the blocking of the excessive formation of free radicals and the reduction in inflammation, as have been observed in other irradiated tissues.
Previous studies have also shown that testicular recovery after irradiation depends on the survival of spermatogonial stem cells. Their self-renewal and their ability to differentiate as well as to repopulate the gonads are essential to the resumption of the spermatogenesis process [3, 6] . These cells can repopulate the testis when self-renewal exceeds cell loss [3, 6, 17] . The extent of testicular regeneration is associated with the dose of radiation to which the testes are exposed. Testicular regeneration may be too slow or even impossible in tissues damaged by high doses of radiation therapy [3, 7, 24] . Further studies employing low doses of radiation are required to determine whether AT1 antagonists could more quickly mitigate radiation-induced damages in testis.
It is also necessary to consider the duration of treatment with AT1 antagonists. Perhaps the 60-day treatment applied herein, which corresponded to one spermatogenic cycle in rats, was not enough to promote significant changes to the quantitative parameters analyzed. Treatment with AT1 antagonists for a longer period could contribute to full testicular recovery after exposure to radiation.
Conclusion
In summary, this study shows the severe response of male reproductive tissues to radiation based on different morphological and functional parameters. The results also demonstrate the principle of reducing the severity of these histopathological and morphometricstereological dysfunctions. Finally, the data suggest that testicular recovery seems to be accelerated after treatment with AT1 antagonists in cases of radiation-induced damages.
Although histopathological damages caused by radiation were found to have recovered slightly in the treated testes, this recovery was not sufficient to statistically improve the testicular function parameters. To achieve significant improvement, a longer treatment with AT1 receptor antagonists (beyond one rat spermatogenic cycle) should be considered.
The outcome obtained herein may contribute to research on radioprotection, and therefore has potential clinical applications. It may also help improve the understanding the effects of exposing the testes to radiation. Thus, these findings may aid in the development of strategies to address nuclear accidents and terrorist attacks, which are factors in the growing concern among the international scientific community in the field of radiobiology.
